Foxp3 + regulatory T cells (T reg cells) are the central component of peripheral immune tolerance. Whereas a dysregulated T reg cytokine signature has been observed in autoimmune diseases, the regulatory mechanisms underlying pro-and anti-inflammatory cytokine production are elusive. Here, we identify an imbalance between the cytokines IFN-γ and IL-10 as a shared T reg signature present in patients with multiple sclerosis and under high-salt conditions. RNA-sequencing analysis on human T reg subpopulations revealed β -catenin as a key regulator of IFN-γ and IL-10 expression. The activated β -catenin signature was enriched in human IFN-γ + T reg cells, as confirmed in vivo with T reg -specific β -catenin-stabilized mice exhibiting lethal autoimmunity with a dysfunctional T reg phenotype. Moreover, we identified prostaglandin E receptor 2 (PTGER2) as a regulator of IFN-γ and IL-10 production under a high-salt environment, with skewed activation of the β -catenin-SGK1-Foxo axis. Our findings reveal a novel PTGER2-β -catenin loop in T reg cells linking environmental high-salt conditions to autoimmunity.
T he homeostatic maintenance of T cells is finely tuned by T reg cells. T reg cells play a distinct role from the other CD4 + T cells in dampening prolonged inflammation and preventing aberrant autoimmunity 1 . Although T reg cells are potent suppressors of immunological function, the number of T reg cells is often normal in a variety of autoimmune diseases, including multiple sclerosis (MS) 2, 3 . These observations suggest that not only a quantitative but also a functional dysregulation of T reg cells contributes to the development of autoimmunity.
T reg cells display their suppressive ability through both contactdependent and cytokine-mediated mechanisms. T reg cells show substantial heterogeneity, and the balance between pro-and antiinflammatory populations is finely regulated to maintain immunological homeostasis 4 . IFN-γ marks dysfunctional T reg cells in patients with autoimmunity (in MS 5 and type 1 diabetes 6 ) and cancer (in glioblastoma 7 ) . Additionally, T reg cells producing the antiinflammatory cytokine IL-10 play prominent roles in suppression of the immune response at environmental interfaces and in the development of mature memory CD8 + T cells, thereby preventing autoimmunity and chronic infection in mice 8, 9 . These studies suggest that the balance between IFN-γ and IL-10 production in T reg cells is central in the maintenance of immune homeostasis; however, the molecular mechanisms underlying this regulatory balance are not known.
Human autoimmune disease results from an interplay between genetic factors and environmental triggers. In this regard, MS is an autoimmune disease that results from the complex interaction of predominantly common genetic variants and environmental factors 10 , and 233 common risk haplotypes have been identified to date 11, 12 . Several environmental factors are associated with an increased risk of MS, including vitamin D insufficiency, smoking, obesity, and a high-salt diet (HSD) 13 . Previous studies have shown that an HSD exacerbates neuroinflammation in an experimental autoimmune encephalomyelitis model of MS, and that higher salt concentrations within the physiological range skew naive CD4 + T cells to proinflammatory type 17 helper T (T H 17) cells and impair T reg -suppressive function through the induction of IFN-γ expression [14] [15] [16] . Studies using mouse models of autoimmune disease increasingly support this possibility 17, 18 , and recent magnetic resonance imaging studies have revealed higher sodium intensity in acute MS lesions than chronic lesions, thus suggesting more sodium accumulation within the pathogenic microenvironment in the MS brain 19 . However, whether an HSD directly affects MS clinical activity remains unknown 20 .
β -catenin, an essential component of the canonical Wnt signaling pathway, is involved in a variety of biological processes including carcinogenesis, stem cell maintenance, organogenesis, and aging 21, 22 . Although β -catenin and canonical Wnt signaling have been studied in the immune system, the specific mechanisms through which β -catenin affects T reg function and the roles of these signaling pathways in modulating cytokine production by T reg cells, particularly in the context of human autoimmune disease, is poorly understood.
Here, we show that the imbalance between IFN-γ and IL-10 is a shared T reg signature observed in patients with MS and in a high-salt environment. By performing unbiased RNA-seq analysis on human T reg subpopulations, we identified β -catenin as a central player in maintaining T reg function and regulating the production of both IFN-γ and IL-10 cytokines. Moreover, we clarified β -catenin's role in mediating the high-salt-induced proinflammatory signature: β -catenin participates in a feed-forward loop with PTGER2, which is uniquely upregulated under high-salt conditions. Our findings suggest that the β -catenin-PTGER2 axis serves as a bridge between environmental factors and autoimmune disease by modulating analysis in Ingenuity Pathway Analysis, using differentially expressed genes from each population ( Supplementary Table 1 ). We identified β -catenin (CTNNB1) as one of the top upstream regulators in the T reg populations producing IFN-γ and/or IL-10, as compared with DN. Intriguingly, β -catenin was the top-ranked upstream regulator in the comparison between IFN-γ SP and IL10SP. These results suggest that β -catenin plays a critical role in driving the production of both IFN-γ and IL-10 in T reg cells, especially that of IFN-γ . We also identified several upstream regulators that have been demonstrated to have critical roles in maintaining T reg function, including MYB, SATB1, NFATC2, and KLF2, thus suggesting that our upstream regulator analysis provides a reliable readout.
In agreement with these findings, gene-set-enrichment analysis (GSEA) identified significant enrichment of the Wnt-β -catenin signaling pathway in IFN-γ -producing T reg subsets ( Fig. 2c ). IFN-γ SP exhibited the highest enrichment score for the Wnt-β -catenin signaling pathway. Further GSEA analysis with different gene sets also yielded similar results ( Supplementary Fig. 2a ). Together, these findings indicate that Wnt-β -catenin signaling is more activated in IFN-γ -secreting T reg cells than in other human T reg subpopulations. β-catenin is stabilized in the IFN-γ-secreting T reg population. We first confirmed that β -catenin was stabilized and transcriptionally active in IFN-γ SP compared with DN in ex vivo T reg cells by examining the level of active β -catenin, the dephosphorylated form of β -catenin with established active transcriptional activity 23 (Fig. 3a) . Notably, the DP and IL10SP subsets also exhibited higher active β -catenin expression than did the DN subset ex vivo, thus suggesting that β -catenin signaling is important for production of not only IFN-γ but also IL-10 in T reg cells, in agreement with the results from our upstream regulator and enrichment analyses. To exclude the possibility that PMA plus iomomycin stimulation might have affected β -catenin stability, we measured active β -catenin levels in CXCR3 + type 1 helper T (T H 1)-like T reg cells, which comprise most of the IFN-γ -producing T reg cells 24 without PMA plus iomomycin stimulation; these analyses confirmed that expression of active β -catenin was significantly elevated in the CXCR3 + T H 1-like T reg population (Fig. 3b ). In agreement with these data, the downstream β -catenintarget genes AXIN2 and TCF7, and the protein TCF-1 (encoded by TCF7), were upregulated in IFN-γ SP compared with DN ex vivo ( Fig. 3c and Supplementary Fig. 2b ). This result was consistent with previously published microarray data for IFN-γ -positive and IFN-γ -negative T reg cells 25 ( Supplementary Fig. 2c ).
To examine whether the in vitro model was able to recapitulate the ex vivo results, we assayed levels of active β -catenin in each of the T reg subsets after 4 d of culture with anti-CD3 and anti-CD28 stimulation. IFN-γ -producing T reg populations (IFN-γ SP and DP) showed higher active β -catenin expression than did IL10SP and DN ( Fig. 3d ), thus indicating that stabilization of β -catenin was more enhanced in IFN-γ SP than IL10SP under T cell-receptor stimulation. IL-12 is an essential cytokine for the induction of IFN-γ -producing pathogenic T reg cells under T cell-receptor stimulation 5 . We found that upregulation of β -catenin was also present in IL-12-induced T H 1-like T reg cells, especially in the IFN-γ -producing population ( Fig. 3e ). To determine whether Wnt-β -catenin signaling was necessary for IFN-γ production in T H 1-like T reg cells, we blocked β -catenin signaling with the inhibitor PKF115-584 (PKF). T reg cells treated with PKF exhibited significantly decreased production of IFN-γ ( Fig. 3f,g) . IL-10 production was also suppressed by PKF treatment, albeit less dramatically than IFN-γ . Knocking down the CTNNB1 gene in T reg cells with short hairpin RNA (shRNA) ( Supplementary Fig. 2d ) ameliorated IL-12-induced IFN-γ and IL-10 production ( Fig. 3h,i) . These data suggest that β -catenin plays a critical role in IFN-γ and IL-10 induction in human T reg cells, but does so more profoundly for IFN-γ production under T cell-receptor stimulation. 
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Constitutive activation of β-catenin in T reg cells induces Scurfylike autoimmunity. To ascertain the physiological relevance of β -catenin signaling in T reg cells, we generated T reg -specific β -catenin-stabilized mice by crossing Foxp3-IRES-Cre mice (Foxp3 Cre ) 26 with Ctnnb1 ΔEx3 mice 27 ( Supplementary Fig. 3a ), in which the active form of β -catenin was specifically induced in T reg cells. In these Ctnnb1 ΔEx3 ; Foxp3 Cre mice, β -catenin was highly stabilized in Foxp3 + T reg cells but not Foxp3non-T reg cells ( Fig. 4a and Supplementary Fig. 3b ). Ctnnb1 ΔEx3 ; Foxp3 Cre mice spontaneously developed a hunched posture and crusting of the ears, eyelids, and tail, and they showed thymic atrophy, splenomegaly, and lymphadenopathy ( Fig. 4b ). Histological analysis demonstrated lymphocyte infiltration into several tissues, such as the lung, pancreas, liver, and intestine, thus indicating systemic inflammation in Ctnnb1 ΔEx3 ; Foxp3 Cre mice ( Fig. 4c ). This Scurfy-like fulminant autoimmunity led to premature death within 40 d of birth with 100% penetrance (Fig. 4d ).
The balance between T reg cells and effector T cells is critical to maintaining T cell homeostasis in both central and peripheral lymphoid tissue. The percentage of T reg cells within the thymic CD4 + T cells of Ctnnb1 ΔEx3 ; Foxp3 Cre mice remained at the same level as that in Foxp3 Cre mice by the age of 3 weeks and even increased at the age of 5 weeks; however, the number of T reg cells in the thymus began to decline at the age of 3 weeks in Ctnnb1 ΔEx3 ; Foxp3 Cre mice (Fig. 4e ). In contrast, Ctnnb1 ΔEx3 ; Foxp3 Cre mice displayed an elevated number of CD4 + and CD8 + conventional T cells in secondary lymphoid organs ( Fig. 4f ) and high expression of effector cytokine genes such as Ifng, Il4, and Il10, but not Il17a ( Supplementary Fig. 3c ). Downregulation of Rorc in both T reg cells and conventional CD4 + T cells is opposite for Ctnnb1 ΔEx3 ; CD4 Cre mice 28 compared with Ctnnb1 ΔEx3 ; Foxp3 Cre mice, thus highlighting the difference between T reg cells from these genotypes. We examined Helios expression to characterize the functional stability of T reg cells 29 and found that Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells lost Helios expression, a result supporting the unstable and dysfunctional features of Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells ( Supplementary Fig. 3d ). These results suggest that forced expression of a stabilized form of β -catenin in T reg cells influences their functional stability in the periphery more than in the central compartment.
In vitro suppression assays revealed that Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells showed less suppressive activity than did Foxp3 Cre T reg cells ( Fig. 5a ). Given that the direct interaction of β -catenin with Foxo1 has been reported 30, 31 , we noted that the morphological and pathophysiological phenotype of Ctnnb1 ΔEx3 ; Foxp3 Cre mice was similar to that of mice with T reg -specific Foxo1 depletion, which exhibit fulminant autoimmunity and disrupted T reg function with aberrant IFN-γ expression 32 . To identify transcriptional changes in β -catenin-stabilized T reg cells, we measured the gene expression signature of Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells with genome-wide DNA microarrays ( Fig. 5b ). Further assessment with GSEA revealed similar transcriptional profiles between Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells and Foxo1depleted T reg cells ( Supplementary Fig. 3e ). In agreement with this IL10, MAF, NAMPT, NOTCH2  BATF3, CTLA4, ZBTB32, KLF5,  SOCS3  PRMT6, SMARCD2  SMAD5, EIF2A, SPP1  CCR6, KLF6, IRF1, IRF9,  STAT1, GBP5, HDAC2   BCL6, SGK3  TNFRSF1A, LEF1, GAPDH   CSF2, RICTOR, IL22, EGR1 KDM5A, NFAT5, THEMIS, GZMA, CXCR3, CD226, CCL3, CCL4, IFNG, ATM, CD27, NKG7, MEF2A, HAVCR2, PIK3CD, TNFSF9, CD6 
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observation, the levels of phosphorylated (p-) Foxo1 and Foxo3a were higher in Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells than in Foxp3 Cre T reg cells ( Fig. 5c ). To determine whether β -catenin and Foxo1 directly interact with each other, we performed an in situ proximity ligation assay (PLA) on human T reg cells and detected the PLA signal in human T reg cells ( Fig. 5d ). Collectively, our results indicated that β -catenin regulates the proinflammatory T H 1-skewing program in T reg in concert with the Foxo pathway. 
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A high-salt environment activates the β-catenin-SGK1-Foxo axis and produces IFN-γ/IL-10 imbalance. The phosphatidylinositol-4,5-bisphosphate 3-kinase (PI 3 K)-AKT1-Foxo axis has previously been shown to play a pivotal role in inducing IFN-γ -producing dysfunctional T reg cells 25 . Furthermore, we observed that p-Foxo1/3a and SGK1 were upregulated in Ctnnb1 ΔEx3 ; Foxp3 Cre T reg cells. To assess whether the SGK1-Foxo axis might be activated in human T reg subpopulations, we examined p-SGK1 and p-Foxo1 levels through flow cytometry and found that both were highly expressed in the IFN-γ -producing T reg population ex vivo ( Supplementary  Fig. 4a ). Additionally, we demonstrated the direct interaction between β -catenin and Foxo1 in IFN-γ -producing human T reg cells by using PLA (Supplementary Fig. 4b ). These findings prompted us to hypothesize that activation of β -catenin might be involved in high-salt-induced IFN-γ production as an upstream regulator of the SGK1-Foxo axis. Higher expression of active β -catenin, p-SGK1, and p-Foxo1 was observed specifically in the IFN-γ -producing human T reg subset under high-salt conditions (Fig. 6a) but not in the IL-10-producing subset ( Supplementary Fig. 4c ). β -catenin-target genes (AXIN2 and TCF7) and TCF-1 protein were also upregulated in human T reg cells treated with increased salt concentrations ( Fig. 6b and Supplementary Fig. 4d ). Additional salt treatment skewed the IL-12-induced, T H 1-like T reg cells to produce more IFN-γ and less IL-10, thus suggesting that the high-salt environment might exacerbate the IFN-γ -skewing pathogenic T reg signature that resembles the MS-T reg phenotype ( Fig. 6c and Supplementary Fig. 4e ). To determine whether β -catenin activation is necessary for IFN-γ induction under high-salt conditions, we pharmacologically blocked β -catenin signaling with two different Wnt-β -catenin signaling inhibitors: PKF and IWR-1. Each inhibitor significantly downregulated high-salt-induced IFN-γ expression in human T reg cells ( Fig. 6d and Supplementary Fig. 4f ). Similar results were also observed after genetic knockdown of CTNNB1 by shRNA ( Fig. 6e-g) . Because SGK1 is a target of β -catenin Il4  Il6  Ifng  Il10  Il13  Sgk  Il12a  Lag3  Gata3  Rora  Ctla4  Ctnnb1  Tbx21  Nfat5  Axin2  Il12b  CD25  Il23r  Il2  Tnf  Il17a  Foxo3a  Foxo6  Nrp1 Rorc Foxo1 Foxp3 
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signaling 33 , we then tested the effect of inhibiting β -catenin signaling on SGK1 activation. PKF or IWR treatment prevented SGK1 phosphorylation under high-salt stimulation in human T reg cells ( Supplementary Fig. 4g ). Next, we measured the production of IFN-γ and IL-10 and Foxo1 phosphorylation in the presence or absence of SGK1 inhibitor (GSK650394; SGK1-i). SGK1-i ameliorated the high-salt-induced IFN-γ production and Foxo1 phosphorylation, but had no effect on IL-10 production ( Supplementary Fig. 4h,i) . These results suggest that β -catenin positively regulates saltinduced IFN-γ expression through activation of the SGK1-Foxo axis. We extended the analysis to human effector T cells (T eff cells, CD4 + CD25 -) and Jurkat T cells. Both cell types displayed active β -catenin signaling under high-salt conditions ( Supplementary  Fig. 5a ). In T eff cells, there was an imbalance in IFN-γ and IL-10 production, in agreement with our T reg data ( Supplementary Fig. 5b ).
In addition, we generated β -catenin-depleted Jurkat T cells by using CRISPR-Cas9 technology and found that high-salt-induced SGK1 and Foxo1 phosphorylation were attenuated in β -catenin-knockout Jurkat T cells ( Supplementary Fig. 5c ). These data, along with the evidence from nonimmune cells 34 , support our hypothesis that the β -catenin-SGK1-Foxo1 axis is activated by high-salt stimulation. We next explored the molecular mechanisms underlying highsalt-induced β -catenin activation. First, we examined whether Wnt ligands might play a role in this aberrant activation of β -catenin signaling. We used the fragment crystallizable region fused to the cysteine-rich domain of Frizzled-8 protein (Fzd8-FC), a known scavenger of Wnt ligands, to inhibit the effects of Wnt ligands on T reg cells. Activation of β -catenin, as assessed by levels of active β -catenin or production of IFN-γ and IL-10, was not affected by Fzd8-FC treatment in control or high-salt conditions, thus suggesting a dispensable role of Wnt ligands in high-salt-induced activation of β -catenin ( Supplementary Fig. 6a,b) . Although a salinity stress sensor has not been fully described in mammalian cells, a number of pathways contributing to the salt-stress response have been identified 34, 35 . Within these pathways, we focused on AKT kinase, because it is well known to regulate β -catenin signaling via direct phosphorylation of β -catenin 36 or indirectly through GSK3β , a negative regulator of β -catenin. Indeed, the PI 3 K-AKT pathway was highly enriched in the IFN-γ -producing T reg subset, and AKT phosphorylation at Ser473 was increased in IFN-γ -producing T reg cells ( Supplementary  Fig. 6c,d) . We then investigated whether β -catenin could be directly activated by AKT by examining AKT-specific phosphorylation of β -catenin (Ser522), which stabilizes β -catenin 36 . The phosphorylation of β -catenin (Ser522) was increased in a high-salt environment, and this effect was reversed by the AKT inhibitor MK2206, thus indicating that activation of AKT is responsible for stabilizing β -catenin during high-salt stimulation 34 (Supplementary Fig. 6e ). Furthermore, we demonstrated that phosphorylation of GSK3β at Ser9, an important site of phosphorylation by AKT, was increased by high-salt stimulation, whereas the amounts of p-AKT and p-GSK3β were not affected by silencing β -catenin ( Supplementary Fig. 6f ), thus suggesting that both of these proteins act upstream of β -catenin. These data indicate that AKT regulates β -catenin activation through both direct and indirect mechanisms under high-salt conditions.
A high-salt-induced PTGER2-β-catenin loop leads to imbalance between IFN-γ and IL-10.
Both IFN-γ and IL-10 were upregulated in IL-12-induced T H 1-like T reg cells in a β -catenin-dependent manner ( Fig. 3f-i) . However, IL-10 expression was significantly suppressed by high-salt treatment, in contrast to IFN-γ expression. In fact, the β -catenin-SGK1-Foxo axis was not activated in IL-10SP after high-salt treatment ( Supplementary Fig. 4c ). Additionally, the effect of high salt on IL-10 production could not be explained by activated β -catenin signaling (Fig. 6e,f and Supplementary Fig. 4f ). Then, we hypothesized the existence of a factor that was uniquely induced in the high-salt environment but not in IL-12-driven T H 1 conditions, thus resulting in IL-10 inhibition. We compared the gene expression profiles of T reg cells between control medium and IL-12-supplemented medium (T H 1), and also between control medium and NaCl-supplemented medium. Among the group of differentially expressed genes in each comparison, we identified six genes that were upregulated in high-salt conditions but downregulated in T H 1 conditions, and four genes that were regulated in the opposite direction, which may potentially account for the high-saltinduced IFN-γ /IL-10 imbalance (Fig. 7a) .
PTGER2 regulates the production of cytokines in a contextdependent manner [37] [38] [39] [40] [41] , and the action of PTGER2 on cytokine production, especially on IFN-γ production in T cells, is affected by the strength of PI 3 K-AKT signaling 42 . Because we have observed a role of PTGER2 in promoting the pathogenic phenotype by modulating IFN-γ /IL-10 balance in T H 17 cells 39 , and high-salt treatment induces a pathogenic T H 17 cell signature, we hypothesized that PTGER2 might regulate the IFN-γ /IL-10 balance in salt-stimulated T reg cells. Indeed, PTGER2 was upregulated after high-salt treatment in human T reg cells and T H 17 cells ( Fig. 7b) and was more highly expressed in IFN-γ SP than IL10SP ( Supplementary Fig. 7a ).
Given the reported evidence of a positive relationship between β -catenin signaling and PTGER2 (refs 43, 44 ), we investigated whether β -catenin and PTGER2 might form an autoregulatory loop during chronic high-salt exposure. We used Jurkat T cells and demonstrated that high-salt-induced PTGER2 was suppressed by genetic deletion of CTNNB1 ( Supplementary Fig. 7b ) and that PTGER2 knockdown partially ameliorated high-salt-induced β -catenin activation ( Supplementary Fig. 7c ). These results suggest the presence of a β -catenin-PTGER2 feed-forward loop under high-salt conditions. PTGER2 silencing abolished the high-salt-induced IFN-γ / IL-10 imbalance in human T reg cells and eliminated the high-saltinduced activation of β -catenin in IFN-γ SP, but it did not affect the level of active β -catenin in IL10SP ( Fig. 7c-e ), thus suggesting that high-salt-induced IFN-γ depends on the PTGER2-β -catenin loop, but IL-10 suppression by high salt is dependent on PTGER2 but not on β -catenin.
We further investigated whether the high-salt-induced PTGER2-β -catenin loop could be amplified in cells in which AKT is activated, such as in IFN-γ -producing T reg cells, but not in cells with lower AKT activity, such as IL-10-producing T reg cells. We then tested the effect of modulating AKT signaling on the production of IFN-γ and IL-10 in T reg cells under high-salt conditions via increasing CD28 co-stimulation. High-salt-induced IFN-γ production was boosted by strengthening AKT signaling with higher CD28 co-stimulation 42 (Supplementary Fig. 7d ). In contrast, highsalt-induced IL-10 inhibition was not altered. Together, these data indicated that high salt induces a positive feedback loop between β -catenin and PTGER2 in conjunction with activated AKT status, thereby resulting in amplification of IFN-γ production in T reg cells.
Stabilized β-catenin is observed in T reg cells from mice fed a highsalt diet and in patients with MS.
To examine whether β -catenin is stabilized under high-salt conditions in vivo, we fed wild-type mice either a normal-salt diet, containing 0.4% of NaCl, or an HSD, containing 4% NaCl, and assayed β -catenin expression on T reg cells. We found that β -catenin and phosphorylated Foxo1/3a/4, as assayed with a monoclonal antibody for detecting phosphorylation sites on Foxp1 (Thr24), Foxo3a (Thr32), and Foxo4 (Thr28), were elevated in T reg cells from HSD mice (Fig. 8a) . Next, we determined whether β -catenin might be more stabilized in MS-T reg cells than in T reg cells from healthy subjects. The level of active β -catenin in IFN-γ -producing T reg was higher in patients with MS than in healthy subjects (Fig. 8b) . We also found a positive correlation between IFN-γ production and the level of active β -catenin in MS-T reg but not T reg cells from healthy subjects (Fig. 8c ). Furthermore, to investigate the link between PTGER2 expression and active β -catenin levels Articles NATuRE IMMuNOLOGy or IFNG expression in MS-T reg cells, we assessed the expression of these factors in T reg cells from healthy subjects and patients with MS. Notably, higher expression of PTGER2 and active β -catenin level correlated with IFNG expression in MS-T reg cells but not in T reg cells from healthy subjects (Fig. 8d,e ). These findings provide in vivo evidence supporting our hypothesis that the PTGER2-β -catenin loop plays an important role in the salt-induced malfunction of T reg cells and links this salt signature to the pathogenic profile of MS-T reg cells ( Supplementary Fig. 8 ).
Discussion
Loss of Foxp3 + T reg function is associated with a number of autoimmune diseases, and previous studies have linked environmental factors to autoimmunity through affecting T reg cell homeostasis. Here, using both mouse and human systems, we extended this concept and also described a novel molecular mechanism. Our results demonstrate a novel role of β -catenin as a regulatory molecule for T reg functional plasticity and also provide molecular mechanisms that link a high-salt environment to autoimmune disease.
Our transcriptional profiling of human T reg subsets on the basis of IFN-γ and IL-10 production provides new insights into T reg heterogeneity. We identified β -catenin as a key regulator and demonstrated its role in skewing T reg into a dysfunctional state in human T reg cells and in mouse models. Although several studies have demonstrated the role of β -catenin in T reg cells, how β -catenin contributes to T reg function and the effector-cytokine signature remains unknown. One study has demonstrated that β -catenin is an anti-inflammatory factor in the context of generating longlived suppressive T reg cells via antiapoptotic-gene induction 45 , and two previous studies have shown that activation of β -catenin provokes T reg dysfunction, thereby leading to exaggerated colitis in a mouse model 28, 46 . We showed that T reg -specific stabilization of β -catenin resulted in a loss of suppressive properties of T reg cells were stimulated with anti-CD3 and anti-CD28 in the normal medium (control) or medium supplemented with an additional 40 mM NaCl (NaCl) for 96 h (n = 14 subjects). Naive CD4 + T cells were cultured under normal T H 17 conditions (control) or T H 17 conditions supplemented with an additional 40 mM NaCl (NaCl) for 72 h (n = 6 subjects). P values were calculated by two-sided Student's t test. c, Representative flow cytometric analysis of IFN-γ and IL-10 production in human T reg cells transduced with a scrambled shRNA or a PTGER2 shRNA and cultured in normal medium (control) or medium supplemented with an additional 40 mM NaCl (NaCl) for 96 h. Data are representative of three experiments. d, Relative frequency of IFN-γ -and IL-10producing T reg cells. e, Relative expression of active β -catenin in T reg cells. T reg cells in d and e (n = 8 subjects) were treated as in c. NS, not significant. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey's multiple comparisons test). Data are represented as mean ± s.d.
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T reg cells and induced a lethal Scurfy-like phenotype in mice, a result consistent with the latter aspect. We believe that our Foxp3-Crebased T reg -specific intervention provides direct evidence of the role of β -catenin in T reg cells.
The incidence of autoimmune diseases has been increasing in the past half century, a phenomenon that cannot be explained by genetic adaptation. Thus, there is great interest in studying the interplay between genetic risk and environmental triggers 47 . Among several environmental triggers, a high-salt diet might increase the incidence of autoimmune diseases, although this possibility requires further epidemiological investigation 48 . Previous studies have shown that higher salt concentrations affect T H 17 cell development and T reg stability, as manifested by aberrant IFN-γ production 16 . Notably, our observation of an IFN-γ /IL-10 imbalance not only in MS-T reg cells but also under high-salt conditions suggested that the salt-induced signature may overlap with the MS pathogenic profile. The importance of IFN-γ /IL-10 balance in the context of salt-induced immune alteration is supported by a previous study showing that elevated sodium content in the colon tissue in HSD mice results in excessive inflammation in models of inflammatory bowel disease 18 . Interestingly, β -catenin signaling was activated in both T reg and T H 17 cells under stimulation with high salt (data not shown). Furthermore, we demonstrated that PTGER2 accounted for the high-salt-induced IFN-γ /IL-10 imbalance in T reg cells by creating a positive feed-forward loop with β -catenin. Given that T reg cells can produce PGE2 (ref. 49 ) and that PGE2 is enriched in experimental autoimmune encephalomyelitis lesions 50 , PGE2-PTGER2 signaling may be amplified in T reg cells under high-salt conditions and also in MS lesions. However, the role of PGE2 in experimental autoimmune encephalomyelitis and MS remains unclear, and further investigation is needed.
In summary, we determined genome-wide transcriptomic profiles of human ex vivo T reg subpopulations, which unveil the heterogeneity of T reg cells in terms of IFN-γ and IL-10 production. Aberrant β -catenin activation modulates T reg cytokine plasticity and integrity in both human and mouse T reg cells. Under a highsalt environment, this effect occurs in conjunction with upregulation of PTGER2, thereby establishing a feed-forward loop between PTGER2 and β -catenin. Notably, T reg cells from patients with MS display positive correlations among IFN-γ production, PTGER2 expression, and active β -catenin levels, which are not observed in T reg cells from healthy subjects. Together, our results in humans with autoimmune disease, as confirmed in mouse models, indicate that the PTGER2-β -catenin axis serves as a bridge between environmental factors and autoimmune disease by modulating T reg properties.
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Fig. 8 | Stabilized β-catenin is associated with IFN-γ and PTgeR2 expression in T reg cells from patients with MS. a, Flow cytometric analysis
of T reg cells from the mesenteric lymph nodes of wild-type mice fed a normal diet (ND) or HSD for 3 weeks. Quantification of gMFI for β -catenin and p-Foxo1/3a/4 (ND, n = 4 mice; HSD, n = 4 mice). P values were calculated by two-sided Student's t test. b, Flow cytometric analysis of active β -catenin levels in ex vivo T reg cells of healthy controls and patients with MS (HC, n = 14 subjects; MS, n = 11 subjects). P value was calculated by two-sided Student's t test. Data are represented as mean ± s.d. c-e, Correlation plots between the percentage of IFN-γ -producing T reg cells and gMFI of active β -catenin (c), between IFNG and PTGER2 mRNA expression (d), and between active β -catenin and PTGER2 mRNA expression (e) in healthy subjects and patients with MS. Linear regression is shown with 95% confidence interval (dotted lines). Correlation was determined by two-sided Spearman rank correlation test.
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Sample size
No statistical methods were used to predetermine sample size estimates. Sample size was determined based on the experimental results that we obtained from preliminary experiments and published papers.
Data exclusions No data were excluded from the analysis.
Replication
All findings shown have been reproduced in at least two independent experiments.
Randomization Age-, sex-, and body weight-matched C57BL/6J wild-type mice were randomly allocated to high salt diet or normal diet. Age-and sexmatched Foxp3-IRES-Cre/wild-type mice (Foxp3Cre) and Foxp3-IRES-Cre/Ctnnb1ΔEx3 (Ctnnb1ΔEx3/Foxp3Cre) mice were analyzed.
Blinding
Blinding was not relevant to the study.
Reporting for specific materials, systems and methods All of the antibodies are commercially available. The commercial source and the clone for each specific antibody are listed in the Supplementary Table 3 .
Validation
All of the antibodies have been validated by the vendors or other researchers.
Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)
Human Jurkat T cells were purchased from ATCC.
Authentication
No further authentication has been performed.
Mycoplasma contamination
Not tested.
Commonly misidentified lines (See ICLAC register)
No commonly misidentified cell lines were used.
